Using a combination of analytical arguments and state-of-the-art diagrammatic Monte Carlo simulations we show that the corrections to the dispersion in interacting Weyl semimetals are determined by the ultraviolet cutoff and the inverse screening length. If both of these are finite, then the diagrammatic series is convergent even in the low-temperature limit, which implies that the semimetallic phase remains stable. Meanwhile, the absence of a UV cutoff or screening results in logarithmic divergences at zero temperature. These results highlight the crucial impact of Coulomb interactions and screening, mediated e.g. trough the presence of parasitic bands, which are ubiquitous effects in real-world materials. Also, despite sizeable corrections from Coulomb forces, the contribution from the frequency dependent part of the self energy remains extremely small, thus giving rise to a system of effectively almost free fermions with a strongly renormalised dispersion.
Introduction.-Weyl semimetals (WSM's) display a bandstructure that is gapped everywhere in the Brillouin zone, except at a set of nodal points where the valence and conduction bands meet leading to an effective low-energy description in terms of massless Weyl fermions with a linear spectrum and thus parallels in relativistic physics [1] [2] [3] [4] [5] . While often compared to graphene, the Weyl semimetals are distinct from other Dirac materials in that the nodal structure of their electronic spectrum is topologically protected, and cannot be gapped by perturbations. The origin of this band structure is closely related to explicit breaking of inversion or time-reversal symmetry [6] . Thus, TaAs, which was the first material identified as a WSM [7] exhibits a non-centrosymmetric crystal structure [8] , and preceding proposals for experimental realisations include adding symmetry breaking elements to artificially constructed Dirac materials [9] .
The distinct spectrum, topology and broken symmetries of WSMs give rise to a number of exotic electronic properties without parallel in others systems. A prominent example, considered long before the realisation of these physics in condensed matter systems, is the chiral anomaly, which is a magnetic response where the nodal points act as sources and sinks of a spontaneous current. Notably, this property was exploited as an experimental signature in TaAs [10] . This work also found evidence of Fermi arcs, which is a type of surface state of topological origin that is presently attracting broad interest [6, 7] . Although WSM's have attracted a wide interest from theorists, the role of interactions in these systems has not been extensively studied. Most likely this is rooted in the fact that much of the novel physics in these materials emerge already at the level of a noninteracting description, but also that the topological nature of the band structure seem to limit the scoop of interactions. A natural comparison for the WSM's is graphene, where interactions are known to renormalise the Fermi velocities, and this apparently raises questions about the interplay of Coulomb repulsion with anisotropies and tilting of the dispersion, which are particularly prominent features of Weyl semimetals due to their symmetry breaking nature [11, 12] . The current understanding of this problem is based on renormalisation group studies that indicate flow towards an untilted system in the low energy limit [13] .
The question of whether the semimetallic system with topologically protected nodal points is a meaningful description of the interacting system in principe, has been touched upon in a couple previous works. In Ref. [14] it was argued that the characterisation of the interacting system in terms of topological charge remains meaningful in the the interacting regime and that the many-body Hamiltonian can be adiabatically connected to a topological Hamiltonian which takes into account frequency-independent corrections, and thus can be understood as a renormalised dispersion. In Refs. [15, 16] , on the other hand, it was shown that WSM's can be gapped by the inclusion of interactions that are local in k-space, though such interactions are unlikely to be representative of realistic materials.
Interactions in semimetallic systems are in general a rather subtle topic from a methodological point of view. The vanishing density of states at the Fermi level seems to make them ideal candidates for diagrammatic techniques, as the weight of higher order graphs is dramatically reduced when the system is gapped in almost the entire Brillouin zone. In addition to this, the nodal points are in many cases protected by symmetry [17] . This picture is further corroborated by a theorem which states that the diagrammatic expansion for graphene remains analytic down to zero temperature given that the interactions are sufficiently weak and short ranged [18] . At the same time, the vanishing density of states means that the system is essentially unscreened, which in graphene leads to logarithmically divergent corrections to the Fermi velocity [19, 20] .
In this work we focus on the case of a single node with a linear spectrum and examine the premises for a convergent diagrammatic expansion using scaling transformation as well as diagrammatic Monte Carlo simulations, which allow us to stochastically sample the expansion.
Diagrammatic expansion.-In an isotropic and untilted Dirac system, the low-energy part of the spectrum can be modelled with a linear dispersion on the form
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is a density operator for the component α.
The Greens function for the interacting system can be obtained through an expansion in the bi-quadratic part of the Hamiltonian,
3) which in turn can be expressed as a set of connected diagrams via Wicks theorem [21] .
We can define a sub-class of topologies that contain tadpole insertions on the form
, (4) that can be equated to a shift of the chemical potential by ∼ V (k = 0) n . Since we are interested in the system at a specific stoichiometry we proceed to drop these terms to obtain
From the point of view of a diagrammatic treatment, this is equivalent to rejecting contributions from topologies where a boson is emitted without being reabsorbed. A crucial property of the dispersion (1) is that it is odd under inversion, which in turn implies that central properties of the band structure are protected by symmetry. In particular, it can be shown that the Greens function of the interacting system always has a pole in ω = 0, k = 0, so that the nodal point is stable against interactions and the system remains gapless as long as the series is convergent. This result also holds for systems with anisotropies and broken particle-hole symmetry, as well as for certain lattice models, notably that of graphene [17] .
Scale transformation.-In ideal Dirac systems with a linear dispersion we find a close relationship between temperature and scale, which can be exploited to formulate criteria for convergence of the series in the zero-temperature limit, and consequently, the stability of the semimetallic phase in the ground state. This becomes particularly transparent if we choose an energy scale such that the temperature is unity. As the partition function only depends on the relative scales of energy and temperature, i.e.,
we can in principe conduct an expansion in a bare Greens function of the form
where ω = (2n + 1)π. Here, we have used linearity of H 0 (k) in the second equality. The corrections to the full Greens function then take the form
Keeping k fixed, we have N independent momenta {k i } to integrate over, while {k j }, {k l } are linear functions of {k i }, whose form depend on the diagram topology. We now introduce a scale transformation on the form k = γk to obtain
Choosing γ = β we get
Thus, we have chosen our units such that the temperature dependence of the bare Green's function only enters implicitly through the scale. From (10) it is clear that the interaction terms scale according to
For unscreened Coulomb interaction in 3D we find
which is also only implicitly dependent on temperature. Thus, in this scenario the interacting theory is invariant under a group of conjugate scale-and temperature-changes so that formally
It should be stressed however, that unscreened Coulomb repulsion gives a logarithmically divergent contribution to the Fermi velocity, as will be discussed below. If screening is present we obtain
implying that the screening length decreases as the temperature is lowered (and the scale changes). Likewise, if a UV cutoff is present, then it will behave as Λ ∼ β, giving a scaling relation for the Greens function of the interacting system on the form
Thus, writing our theory on this form, the temperature effectively only enters in the form of a scale change. Moreover, the zero temperature limit is associated with the simultaneous divergence of the UV cutoff and the inverse screening length. Correspondingly, the ground state should be determined by the ratio Λ 0 /λ −1 0 provided that the series is convergent. This leads to two basic scenarios: Either both screening and a UV cutoff are present, in which case Λ 0 /λ −1 0 takes a finite value, or the ratio is infinite. Moreover, we find only one more (in-
Ultraviolett physics.
-From the scaling properties of the Greens function (15) it appears that ultraviolet behaviour is central to the convergence of the diagrammatic expansion at low temperatures, even in the presence of a cutoff.
At the lowest order (Fock diagram) we obtain a self energy on the form
Integrating over a shell of momenta βΛ 0 > |q| > k 0 where k 0 |k| we can expand the interaction in k to obtain
where only the second term contributes to the integral.
In the low-temperature limit we find
Taking the limit Λ 0 /λ −1 0 → ∞ this grows logarithmically. We are thus in a position to formulate a basic conjecture about the ground state behaviour of this systems: Firstly, as explained above, we expect that the low temperature regime corresponds to
and secondly, we anticipate that the corrections to the particle energy grow as Diagrammatic Monte Carlo simulation.-To test the conjecture outlined above, we employ diagrammatic Monte Carlo, which is a numerical protocol for stochastic sampling of the diagrammatic expansion [22] . Within this framework, the space of connected diagram topologies for the self energy is sampled via a Metropolis type random walk. The Greens function is then obtained via Dyson's equation:
The sampling protocol used in this work is based on the worm algorithm, and is described in [23] .
In principe we can divide the self energy into two parts according to
where, ∆ (k), merely gives a correction to the kinetic energy with no frequency dependence. Thus, H 0 (k) + ∆ (k) essentially describes a system of free fermions with a renormalised dispersion, whileΣ(ω, k) encodes many-body effects beyond the band-theory paradigm. In Figure 1 the correction ∆ (k) is displayed as a function of temperature for a system with a finite UV cutoff and screening. Firstly, we find that the convergence is very rapid with respect to expansion order, with corrections from higher orders terms being much smaller than those of the Fock term (O = 1). Secondly, in agreement with (20) we find that the temperature dependence saturates once the screening becomes the shortest length scale in the problem, which here corresponds to T < 1. Indeed, at the lowest temperatures the differences are zero within the error-bars and we conclude that the ground state is a well defined limit of diagrammatic expansion.
To examine the conjecture (21), we scale Λ 0 /λ −1 0 in the low temperature region where (20) holds, see Figure 2 . As antic-ipated we find we find that ∆ (k) grows logarithmically, and thus that the absence of screening or a UV cutoff is associated with logarithmically divergent corrections to the theory.
Finally we consider the frequency dependent part of the self energy. In principe we can define a Greens function that takes into account the corrections to the single particle energy according to
so that the frequency dependent contribution takes the form
This term then encodes corrections that are not reconcilable with a free-fermion description, notably that a given momentum is associated with a spectrum of quasiparticles. In Figure  3 the full Greens function is displayed, together with the frequency dependent correction (25) at the nodal point and also at finite momentum. In both cases we find that the second part is sub-leading by ∼ 3 orders of magnitude. This can most likely be attributed to the linear dispersion: With a rapidly vanishing density of states near the Fermi level, processes that involve excitations of the environment are dramatically suppressed compared to in a conventional metal or indeed even a semimetal with quadratic dispersion. Thus, for the parameters considered, a description in terms of free fermions with a renormalised dispersion appears to accurately capture the electronic structure of the interacting system. In this approximation the corrections to the • (1)
• 
G(τ, |k| = 1/3) (15) Λ 0 /λ Figure 4 . Dispersion with frequency-independent corrections, at interaction strengths ranging from α = 0, i.e. noninteracting, to α = 16. As the contribution from the frequency-dependent part of the self energy is small for the parameter values that we consider (see Fig. 3 ), this represents a good approximation of the overall electronic structure. The parameter values are given by
Conclusions.-We have examined the premises for stability of the semimetallic phase and convergence of the diagrammatic expansion in the case of a single node in a Weyl semimetal. In the perturbative regime, we note that the band structure is in principe protected by symmetry. Using a scaling transformation we find that the zero-temperature limit can be equated to the simultaneous divergence of the ultraviolet cutoff and the inverse screening. Correspondingly, the ground state is characterised by the ratio of the two, with logarithmically divergent corrections in the limit Λ 0 /λ −1 0 → ∞. For finite ratios we do however find that the diagrammatic expansion remains convergent in the low temperature regime, and that the corrections to the dispersion become temperature independent. Thus, Coulomb interactions in the Weyl semimetals play a similar role as in graphene, where corrections to the Fermi velocity diverge logarithmically with system size at zero temperature [19] .
While the ultraviolet cutoff in real world materials is essentially determined by lattice spacing, screening is greatly affected by parasitic bands, which suggests that these can have a dramatic effect on the Fermi velocity of an interacting system. Likewise, as Coulomb repulsion generally reduces the tilt [13] , screening may be extremely important in this respect as well. Also we note that for renormalisation group calculations the relevant parameter is in principe the ratio Λ 0 /λ −1 0 . We find that the convergence is rapid with respect to expansion order, and that most of the correction to the dispersion is contained in the Fock term. Meanwhile, the contribution to the Greens function coming from the frequencydependent part of the self energy is extremely small, as should be expected in a Dirac system. Correspondingly we arrive at a paradigm of effectively almost free fermions, though with large corrections to the dispersion. 
